Identifying the force information and location of an impact event is important for predicting and/or monitoring potential damage to the structures. Directly measuring the impact event and/or locating the impact force is not always possible due to the nature of the impact or the structure. In this work, a new force and location identification method is introduced which utilizes a spectral finite element method (SFEM) model of the structure. The identification technique is demonstrated and studied through its application to beam structures in order to identify impulsive loads. Wave propagation data collected with accelerometers placed on the structure are used in order to determine the impact information.
measured force information and impact locations.
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Introduction
Indirect methods for impact force identification have attracted researchers due to the nonlinearity of the impact problem and complexity of impact incidents [1, 2, 3, 4] . Numerous techniques have been developed which uses inverse methods for impact force identification. Some common techniques for force iden-5 tification are the deconvolution method [1, 2] , state variable formulation [5] , the sum of weighted accelerations [6] , statistical energy analysis method [37] , mode superposition technique [38] , pseudo-inverse method [39] and the spectral finite element method [7] . The most popular method is the deconvolution technique which uses the assumption of a linear response in order to allow for the appli-10 cation of the convolution integral to identify the force information. For linear systems, the convolution integral of a system's impulse response and the applied force results in the response of the system. This technique has been applied in both the time-domain [1] and the frequency-domain [8] .
In a study by Doyle, a time-domain deconvolution technique was successfully 15 developed in order to experimentally obtain dynamic contact laws [1] . Response behavior was monitored by using strain gages affixed to a beam structure and the impulsive load was applied by using a pendulous ball. In other work, Chang and Sun calculated the applied impact force by using an experimental Green's function and time-domain signal deconvolution [9] . The reconstructed force 20 was identified independent of the location of the sensors on a composite beam structure. In both cases, the position of the impact was assumed to be known.
The deconvolution technique is also easily implemented in the frequencydomain for conducting force identification due to the ease of performing the deconvolution calculation since the convolution integral in the time-domain cor- 25 responds to a simple multiplication operation in the frequency-domain. In other work of Doyle, a frequency-domain deconvolution method was developed and used to experimentally determine contact laws [8] . The impact force was estimated using analytical relationship between contact force and the strain response of structure. In order to improve the quality of the reconstructed force, wave speed and the recorded time for the traveling waves to reach the sensors in order to calculate the position of the impact force. Gaul and Hurlebaus developed a method based on the arrival times of waves at various frequencies [22] .
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The location of the impact was identified by solving a nonlinear equation extracted from the speed of the traveling waves. The second type of localization of impact force is performed by minimizing an error function which is defined based on the impact force and the system response [27, 28, 29] . The system response can be obtained from a system model or transfer function which is 65 derived analytically, numerically, or experimentally [30] .
Additionally, it is possible for the two methods to be used simultaneously to accurately locate the impact force. In the recent work of Liang et al., elements of the two methods were combined to create a distributed coordination algorithm for locating the impact force with greater computational efficiency [31] . 70 However, further studies are required in order to fully explore the effectiveness of this approach.
In this study, a method is presented for identifying and locating impulsive forces by using a frequency-domain SFEM-based force identification and localization method. This method is implemented and studied by using a beam 75 structure. By assuming linear behavior for the structure, the impact force is reconstructed by using a SFEM model. With the new approach that is introduced in this paper, the impact force is identified independent of the impact position, which improves the accuracy of the results and reduces computational costs. After identifying the impact force, the obtained force information is used 80 to locate the impact force on the structure iteratively. Since the impact force is already calculated, only a few iterations is required in order to locate the impact which saves computational time comparing to previous methods that identify and locate the impact force simultaneously. Some of this material has previously been presented by the authors at conferences and can be found in the 85 corresponding proceedings [32, 33] . In this work, a combined impact force identification and location identification method with necessary signal processing techniques that improves the quality and accuracy of the results is presented.
Background
The force identification method proposed in this paper uses the DFT-based 90 spectral finite element method [14] . In this study, the method is applied and studied by using a free-free beam structure. The nodes in the model correspond to the positions of the accelerometers on the beam structure. An Euler-Bernoulli beam model is used in this study to represent the beam structure since shear deformations are negligible and impact forces have relatively low frequency content 95 with respect to the frequency range that Euler-Bernoulli beam model can accurately represent wave propagation [14] . While the SFEM-based method can be applied to response data with much higher frequency content, the impact force used in this study is selected because it can easily be realized experimentally. For impacts with higher frequency content, higher order models such as Timoshenko 
where beam deflection, slope, and the spatial coordinate are represented byv,
105φ
, and x, respectively. 
The beam deflection is expanded in terms of the deflections and slopes at 125 x = 0 and x = L as defined in Eq. (7) whereĝ j (x), j = 1, 2, 3, 4 represents the shape functions of the beam element. The shape functions of the beam element, defined in Eq. (8) , are written in terms of the elements of matrix Ĝ and exponential functions ofβ.
The dynamic stiffness matrix [K] of the beam element relates the moments
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and shear forcesV at the nodes of the beam element to the deflections and slopes of the beam elements at the corresponding nodes, as shown in Eq. (9).
The dynamic stiffness matrix is defined in terms of the derivatives of the shapes functions, the structure's geometry, and the material properties.
The global dynamic stiffness matrix for the beam structure is assembled from 135 the dynamic stiffness matrices for each element at each of the discrete frequencies within the range considered by using the gather and scatter method [34] .
In order to address issues with the intrinsic periodic nature of the DFT, throwoff elements (also known as non-reflecting boundary conditions) are commonly used with SFEM models. These modeling tools allow for a propagating me-140 chanical wave to pass through a node into a "semi-infinite" element without any reflections returning to the SFEM model. Additional details regarding the implementation of SFEM can be found in the book by Doyle [14] .
Impact Force Identification
In the impact force identification method presented in this section, the dy-145 namic stiffness matrix is prepared for the structure and multiplied by the displacement and slope information in order to calculate the identified force. However, incomplete deflection and slope data results in errors in the calculated force information. Mechanical wave propagation starts immediately after the impact force is applied and it moves out from this location until it reaches the ends of 150 the structure and is reflected. In order to capture the complete wave propagation data across the entire beam structure, accelerometers must be mounted along the entire length of the beam, including at the ends. However, mounting accelerometers at the ends of the structure and densely along the length is not always practical. Therefore, in this paper a force identification method cation of the impact is unknown, it is assumed that the general area in which the impact occurs is known.
The simulation acceleration data of wave propagation through the beam is the reflections of the wave is omitted. The resolution of the data is based on the experimental setup. In this study, the equipment and experimental setup is 175 explained in section [? ] . Note that acceleration data is presented in this figure.
This subset of data chosen for the identification procedure is selected so that it does not contain reflections. The data subset is used with a beam segment model to calculate the desired force information.
A flowchart of the force identification procedure is presented in Fig. 2 . The 180 acceleration data from the structure is transformed into the frequency-domain by using the fast Fourier transform (FFT) and is integrated twice to obtain displacement. The slope information required for the identification process is calculated by using a shape function-based method. Zero-padding is applied to the response data in order to address the FFT's assumption of periodicity.
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The dynamic stiffness matrix of the SFEM model for a segment of the beam is used to calculate the force information in the frequency-domain. Detailed descriptions of each step are presented in the following subsections.
Time-Domain Signal Conditioning
The force identification procedure uses the propagating wave data imme- Since the FFT algorithm assumes periodicity, it can result in wrap-around issues. Zero padding is later applied in order to address this concern. Zero padding has been shown to significantly improve the quality of force information identified by using frequency-domain methods [8] . 
Deflection Information
Deflection information is required for the force identification procedure. The deflections of the nodes are calculated from the acceleration data. The integration is performed in the frequency-domain in order to improve accuracy and ensure compatibility with the frequency-domain representation of the system [14] .
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The integration is performed by dividing the frequency-domain acceleration data by the imaginary form of the frequency. For the zero frequency, a DC value is used for the integration which is the summation of the acceleration values in the frequency-domain [14] . However, this has been shown to result in drift in the time history of displacement data. Fortunately, the small portion of the dis-
Slope Calculation
The acceleration data only provides information regarding the one-dimensional translational motion at discrete points along the structure but application of the 220 force identification procedure to a beam structure requires both deflection and slope information. Therefore, it is necessary to calculate the corresponding slope response at each location. This is accomplished by taking advantage of the kinematics of the beam structure. In the slope calculation process, the slope information of the beam structure is obtained by using the shape function of the 225 SFEM beam model of the structure, given by Eq. (1). This technique is precise when the kinematics of the structure are known. In order to calculate the slopes by using shape functions, the beam structure is meshed with four-node beam elements that provide C 0 continuity.
The slope calculation procedure is performed in the frequency-domain by 
SFEM Model for Force Identification
The SFEM model used in the force identification process represents a seg- with the local response behavior of the full structure, identified by the box in eter are collocated, the force identification process does not require any additional steps in order to obtain the identified force information. However, for cases where the impact is applied between two accelerometers, point forces are calculated at the neighboring nodes when the force identification procedure is applied. The summation of the two force time histories produces the identified 255 force when certain conditions are satisfied. These conditions and the justification for this process is discussed in section 4 where the location identification process is presented. This approach allows for the impact force information to be efficiently identified independent of the exact location of the impact.
Numerical Implementation and Parametric Study
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The force identification procedure is first applied to the deflection and slope data from the numerical simulations. This eliminates the potential error introduced by the deflection and slope calculations and allows for the study to In order to study the effects of various parameters on the performance of the force identification procedure, an ideal condition is defined. The theoretical test structure is studied with free-free boundary conditions. The full structure simulation is conducted by using a SFEM model with 66 evenly spaced nodes and The SFEM model and numerical simulations of the response of the structure 285 are prepared and performed by using MATLAB. The proposed force identification method is also implemented and studied by using MATLAB and applied to the simulated response data to study the method. Both the simulation of the response data and the analysis of this data are performed by using SFEM-based approaches. This procedure is used since other simulation techniques, such as 290 time-domain methods, have been found to display limitations with regard to high frequency performance [36] . For this reason, experimental response data is also used in order to validate the performance of the force identification method.
For the ideal conditions, the point force is detected at the location of the In order to quantify the accuracy of the force identification method, a Root Mean 300 Square (RMS) error is calculated by comparing the identified force values to the values used in the simulation. The RMS error for impact force identification [2] provides quantitative information about the average error through the impact time history. The quantification of the error is performed by first separating the time series into two regions: the impulsive load and the remaining portion it can also be seen in Fig. 6 that the values of the two error measures are very close at all of the lengths considered. This suggests that the influence of 
(ii) Slope Calculation
The slope calculation method is tested by using deflection and slope data from numerical simulations. The slope information calculated from the simulated deflection data demonstrates excellent agreement with the simulated slope information. The maximum difference between the calculated and simulated slope 370 data is between nine and ten orders of magnitude less than the values of the slope from the simulation.
The error introduced by including the slope calculation in the force identification procedure is determined to be negligible for the simulated response data. By using the shape function method to calculate the slope information, the error in the identified impulsive force does not change from the nominal case. However, noise in the response can cause the accuracy of the calculated slopes, and subsequently the identified force information, to be reduced. The calculated slope values and the corresponding identified force information are predicted to be accurate as long as the signal-to-noise ratio remains greater than 380 about 100 : 1. This limitation is addressed in the experimental verification by using accelerometers with sufficiently high sensitivity.
(iii) Impact Location
All of the calculated force information previously presented corresponds to impulsive loading near the center of the structure. In order to investigate the 385 influence of the impact location on the accuracy of the calculated force information, the impact force is applied at a number of locations on the structure.
The impact positions considered range from 1.43 ft (0.44 m) to 9.14 ft (2.79 m) from the end of the 18 ft (5.49 m) long structure. As a result of moving the impact location closer to the end of the structure, the reflections return to the 390 impact location more quickly. The increase in error resulting from moving the impact location closer to the end of the structure is illustrated in Fig. 7 .
The RMS error from the identified impulsive load and the average identified force values after the impact both increase as the impact position moves closer to the end of the structure. Because moving the impact location has the same effect as changing the length of the structure, i.e. reducing the length of time before the propagating wave returns to the impact location, the error values display the same logarithmic trend. In this case, the logarithmic curve fit to the RMS error values takes the form Error = −4.636Ln (x impact ) + 6.6867 with R 2 = 0.9916.
When accounting for the fact that when the impact load is applied in the middle 400 of the structure, the length over which the wave propagates before reflecting is half of the length of the structure, the data in Fig. 6 and Fig. 7 are very close to each other. While all of the conditions studied correspond to the same geometry and material properties, these factors influence the wave propagation speed and subsequently the length of time required for the propagating wave to be reflected and return to the impact location.
(iv) Impact Duration
Next, the influence of impact duration on the performance of the force identification method is studied. System responses are simulated for impulsive loads with half and twice the original duration. Changing the impact duration af-410 fects the response of the system in two significant ways. The first and most straightforward effect of changing the impact duration is that the amount of time between the end of the impulsive load and when the reflection returns the impact position is increased (reduced duration) or decreased (extended duration). The effect on the performance of the force identification method will 415 be similar to changing the distance between the impact position and the end of the structure. The second effect of changing the impact duration is that shorter/longer duration loads will contain a larger/smaller range of frequency content. Since the force identification method utilizes the SFEM, is it able to accommodate the higher frequency content and the change in the error results
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from the travel time of the propagating and then reflected wave. The two error measures for these conditions and the nominal case are presented in Fig. 8 . From the data presented in Fig. 8 , it can be seen that for a shorter impact duration, the RMS error remains the same and the average force after the impact is slightly decreased. When the impact duration is increased to 0.8 ms, of the data set required to produce accurate results. In this study, these properties are kept constant and various lengths of response data are used to calculate the applied force. The error measures for the identified force information when using response data sets of lengths ranging from 5.12 s to down to 0.64 s are presented in Fig. 9 .
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In this figure, it can be seen that above a threshold which lies between 0.64 s and 1.28 s, the error measures for the identified force information is close to the values for ideal conditions. However, after the length of the response data set is decreased to 0.64 s, both of the error measures increase by an order of magnitude.
These results suggest that for a given set of conditions, a certain amount of time Through this parametric study, the influence of (i) structure length, (ii) slope calculation, (iii) impact location, (iv) impact duration, and (v) length of 460 response data on the performance of the force identification method was studied.
The accuracy of the reconstructed impact force is qualitatively high comparing to previous works [1, 2, 4] . However, the variation in different case studies and measurement methods is a significant factor in the accuracy of the results. For instance, using calculated slope information in this work is a source of error 465 specific to this work which can be enhanced by using gyro-sensors. Additionally, the focus of this study is on the practicality of the identification method under high frequency content impact with one single measurement, minimum number of sensors and no extensive experimental or numerical modeling. The SFEM model is an accurate model for modeling the high frequency waves. The 470 local measurement is a practical way to use the fewest sensors possible and provides the capability to use the method with any boundary conditions due to the fact that only the initial response is required for the force identification process. Error in the identified force information was determined to increase for decreasing structure length, impacts applied closer to the end of the structure, 475 longer impact durations, and when using response data with lengths below a system dependent threshold. The length of the response data was determined to have the potential to affect performance the most of the parameters studied.
Changes to the structure length, impact location, and impact duration where determined to all have similar effects on the performance of the force identifica-480 tion method. When a signal-to-noise ratio of greater than 100 : 1 is maintained, the error introduced by the slope calculation is expected to be negligible.
Impact Location Identification
The force identification method reconstructs the impact force in terms of nodal forces. If the impact force is applied between the accelerometers, the 485 distribution of the impact force is utilized to locate the impact location. A freebody diagram of the element with the applied impact force F and the nodal forces, F 1 and F 2 , is shown in Fig. 11 . By applying Newton's method, the summation of vertical forces and the summation of moments are calculated and presented in Eq. (10) and Eq. (11), respectively.
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where the mass of the element, displacement of the center of mass of the element, and the rotation of the element are represented by m, V c , and θ c , respectively.
The impact force is applied at the distance x from the first node of the beam element of length L. When these assumptions are satisfied, the summation of the two nodal forces is equal to the applied impact force. As a result, it is possible to determine the impact force without knowledge of the exact location of the impact. This can significantly reduce the computational costs when compared to other ap-505 proaches [2, 3, 4] .
In order to calculate the impact location from the nodal forces, a straightforward nonlinear numerical solver is used. A flowchart illustrating the algorithm used for location identification is presented in Fig. 12 . The first step is to determine the distribution of the calculated impact force at the two ends of 510 the element by using the experimental data collected from the accelerometers.
The ratio of the impulses at the two neighboring accelerometers is used in this process. Then, simulations are performed with the beam model to produce re- sponse data for comparison. In order for this process to be effective, the model must accurately represent the structure. Known material properties and system 515 geometry are used for the model and the damping parameter value is identified by comparing the simulated response of the model to the response of the experimental system. In the simulation portion of the process illustrated in Fig. 12 , an extra node is added between the accelerometer positions for applying the impact force and predicting the response of the structure. However, only data 520 from the nodes which correspond to the accelerometer locations are used in the location identification process. By using the ratio of the impulses for the experimental data and the simulation data, the location of the impact is calculated with the bisection method.
Although the relationship between the impulse ratio and the impact location 525 is nonlinear, it is also a one-to-one relationship. This allows for the use of rootfinding methods such as the bisection method. In order to start this process, two points are chosen close to the two nodes of the element on which the impact force was applied. The distance from the two starting points to the nodes is chosen to be 5% of the length of the element. This level of precision is selected procedure. The simulated impulse ratios for the two points are then compared to the impulse ratio for the experimental data. Based on the differences between these ratios, one of the initial points is discarded and a simulation is performed to obtain a simulated impulse ratio for a new point directly between the two initial 535 points. The bisection method is continued in this way, as illustrated in Fig. 13, until the difference between the experimental impulse ratio and a simulated impulse ratio is less than the prescribed tolerance. The impact position used for the final simulated case provides the impact location for the experimental data.
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The ratio of the identified impact forces at the two nodes adjacent to the impact location, calculated by using the simulation data, is shown in Fig. 14. These results are for a specific case and the details of this relationship are determined to be influenced by material properties, element length, and sampling frequency. In order to study the relationship between the impulse ratio and the 545 location of the impact, the analytical model presented in Fig. 11 is revisited. By using the relationship between the impact force and nodal forces and similarly considering the rotational inertia to be negligible, Eq. (11) 
Experimental Verification
The performance of the force identification method is further studied with experimental response data in order to verify the performance observed by using data collected for conditions when the impact location is collocated with an accelerometer and when the impact is applied between accelerometers. Representative results for these conditions are presented and discussed below.
As it was shown in the parametric study, the calculated impact force is more precise at cases where the impact occurs close to the middle of the structure.
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The first data set presented corresponds to an impact force being applied to the experimental system at the location of accelerometer number 11 near the middle of the structure. The force information obtained by applying the force identification method is presented in Fig. 18 . Since the impact force was applied at the location of the accelerometer, the location of the impact is easily identified 610 as the position of accelerometer 11. The identified force information agrees well with the measured force, successfully capturing the qualitative characteristics of the impulsive load. However, some discrepancies are observed. This error is believed to be introduced as a result of errors in the slope calculation due to signal noise and also due to the low frequency stop-band of the accelerometers window presented in Fig. 18 . In comparison with the ideal conditions, the length of the beam is shorter and noise is present in the acceleration data. While each of these differences contributes to the reduced accuracy of the calculated force 620 information, the RMS error for the impulsive load is only 12% of the maximum force value.
The next two data sets presented were collected when the impact force was applied between accelerometers. The impact force identification method is applied to calculate the forces applied to the structure and the location identifi-625 cation method is used to determine where the impact force was applied. The first of these two data sets correspond to conditions where the impact force is applied at the center between accelerometers 11 and 12. The impact force information obtained from the force identification method is presented in Fig. 19 . is believed to be due to the short length of the acceleration data set. Access to a longer set of the response data is expected to yield more accurate results.
The bungee cords supporting the experimental system also apply a small but constant force to the structure which is not addressed in the model and may influence the results. By using the impulse ratio calculated for the force values 645 at accelerometers 11 and 12, the impact location is calculated to be at a distance of 0.52L from accelerometer 11. This corresponds to a deviation of only 2% of the distance between the accelerometers which is less than 2 mm. 
Concluding Remarks
An impact force identification method using the spectral finite element method was introduced and studied with a beam structure. With this method, the impact force can be determined without precise information about the impact location. The procedure was studied with simulated response data for propagat-675 ing mechanical waves and validated by using experimental data. In simulations, excellent agreement was observed for nominal conditions. Sources of error in the identified force information were investigated through a parametric study. The most influential parameter in the force calculation procedure is the length of the response data set. Reduced performance was identified when decreasing the 680 structure length, moving the impact location toward the end of the structure, and increasing the impact duration. Also, the trends associated with varying the structure length, impact position, and impact duration were studied.
The proposed force identification method was applied to experimental data and was able to successfully identify the characteristics of the impact and provide An offset observed between the identified force and the measured force after 695 the impulsive load has been identified to result from the use of response data of insufficient length. This characteristic will be further studied in future work in order to improve the understanding of the effect when the force is applied between sensors in order to more accurately identify the duration of the impulsive load. Future work will also explore the implementation of the force and location 700 identification methods by using a wavelet based SFEM model as well as adapting these methods for nonlinear wave propagation data. The use of gyroscopic sensors will also be explored to provide more accurate rotational response data.
The effect of uncertainties such as boundary conditions, mass of accelerometers, and the errors in the SFEM model will be studied by calibrating and conducting 705 additional tests. While this work has demonstrated the application of the proposed methods to beam structures, its application to structures such as rods, plates and more complicated structures such as shells will also be explored in the future works.
